ABSTRACT: This study estimated the long-term exposure of fumonisin B 1 (FB 1 ) in nursery swine diets and associated toxicological adverse effects on negative productivity potential using quantitative exposure assessment. Fumonisin B 1 is a mycotoxin produced by Fusarium verticillioides and Fusarium proliferatum and is a common biological contaminant of corn (Zea mays L.) and other grains. Acute effects from FB 1 exposures are well recognized and managed in the swine industry, but practices to limit prolonged low-dose exposures to FB 1 have been less fully considered and may negatively affect production efficiency. Deterministic (single-point estimates) and stochastic (probabilistic) modeling were performed for comparative analyses of FB 1 exposures originating from genetically engineered Bacillus thuringiensis (Bt)-corn, conventional non-Bt corn, and distillers dried grains with solubles (DDGS). Six feeding scenarios differing in the source of corn in diets were modeled to assess variation in FB 1 exposure representing a mixture of 1) Bt and non-Bt grain and DDGS (blended); 2) Bt grain and Bt DDGS; 3) nonBt grain and non-Bt DDGS; 4) Bt and non-Bt grain; 5) Bt grain; and 6) non-Bt grain. Long-term exposure estimates (49-d duration) were compared with chronic levels of concern (LOC). The first LOC (LOC1; 1 mg of FB 1 /kg of diet, least observed adverse effects concentration) represents a decrease in ADG. Concentrations of 5 mg of FB 1 /kg of diet represent the second LOC (LOC2), which showed pulmonary pathological alterations and a significant dose-dependent increase in pulmonary weight. Estimates indicated LOC1 was frequently exceeded regardless of feeding scenario, but LOC2 was not attained. Diets where the corn fraction was entirely from Bt-corn showed the least FB 1 exposure (exceeding LOC1 in 35% of occasions), whereas a blended diet or diets using non-Bt grain and DDGS sources more commonly exceeded this threshold (95% of occasions). Based on these estimates, under blended corn source feeding conditions, swine populations in nursery facilities may frequently exhibit incipient effects (i.e., LOC1) of FB 1 toxicity; however, impacts on production efficiency remain uncertain.
INTRODUCTION
Fumonisins (FB) are a series of mycotoxins ubiquitous in nature, infecting corn (Zea mays L.) and other grains throughout the world. The majority of FB toxins are derived from Fusarium verticillioides and Fusarium proliferatum. The average estimated United States annual market loss (food and feed rejection) due to FB in corn is approximately $40 million (Wu, 2006) , and thousands of individual swine have died from FB-induced porcine pulmonary edema (PPE) in the United States (Haschek et al., 2001) .
Recognition of FB acute effects in swine has led to industry measures to protect herd health (e.g., removal, corn channeling to less sensitive livestock, and use of sequestering agents; Jouany, 2007) . Because FB may have acute and chronic effects, we hypothesize that even in the absence of debilitating acutely toxic amounts of FB in the swine diet, sustained exposure to small concentrations may negatively affect herd health and production efficiency. Quantitative exposure assessment (QEA) was undertaken to estimate the predominate FB toxin, fumonisin B 1 (FB 1 ), in nursery swine diets to evaluate the possible impact on swine production. Deterministic (single-point estimates) and stochastic (probabilistic) analyses were conducted for comparative interpretation of FB 1 exposure originating from genetically engineered
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Bacillus thuringiensis (Bt)-corn, conventional non-Bt corn, and distillers dried grains with solubles (DDGS). Investigating the associated FB 1 concentrations in genetically engineered and conventional corn in diets addresses reduced FB 1 concentrations found in Bt-corn (Munkvold et al., 1997) .
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because forecast data were derived from existing literature.
Analytical Model
Information relating to FB 1 exposure and toxicity at prolonged low-doses in nursery swine diets was used for the overall characterization of risk. Our model consists of 3 major components used to characterize the risk of toxicological adverse effects to swine from FB 1 exposure: toxicological effects (levels of concern; LOC), swine management, and agronomic management (Figure 1 ). Six scenarios were developed to consider FB 1 exposure influenced by corn and DDGS as the primary protein source in diets: scenario 1: blended diet (Bt grain, nonBt grain, Bt-DDGS, and non-Bt DDGS); scenario 2: Bt grain and Bt DDGS; scenario 3: non-Bt grain and nonBt DDGS; scenario 4: Bt and non-Bt grain; scenario 5: Bt grain; and scenario 6: non-Bt grain.
We conducted deterministic and stochastic analyses to quantitatively evaluate the conceptual model (Figure 1) . Separate sets of worksheets (Microsoft Excel, 2007, Microsoft, Redmond, WA) were used to describe the FB 1 exposure from various diet design scenarios. Deterministic inputs (Table 1) used average, maximum, midpoint, or fixed parameter estimates (Cullen and Frey, 1999) and all stochastic modeling (Table 1) used Palisade @Risk 5.0 (Palisade Corporation, Newfield, NY) with random Latin hypercube sampling (McKay et al., 1979) .
Each stochastic analysis involved a randomly selected initial seed value for sampling of input distributions and auto iteration to obtain ±3% mean convergence with a 95% confidence interval. Convergence to this tolerance was typically achieved with <26,300 iterations. For each stochastic feeding scenario, 7 individual Conceptual model for the characterization of low-dose fumonisin B 1 (FB 1 ) exposure in nursery swine diets (mg of FB 1 /kg of diet) in relation to the chronic toxicological threshold of concern. Risk represents the probability of chronic toxicological adverse effects (i.e., >1 mg of FB 1 /kg of diet) relative to low-dose exposure to FB 1 in nursery swine diets. Bt = Bacillius thuringiensis. DDGS = dried distillers grains with solubles. models were created to assess the weekly variation in exposure to FB 1 influenced by differences in diet composition (i.e., corn percentages) throughout the nursery production phase. For any given iteration (i) of the stochastic model, the long-term exposure estimate is the average weekly exposure for the 7-wk long duration (N) of feeding in the nursery (Eq. [1]): Source: Shurson et al. (2002); Thaler (2002) ; Whitney and Shurson (2004). 7 Data modified from the Kansas State University swine nutritional guide (DeRouchey et al., 2007) . Starter pig recommendations. Corn was determined by the appropriate TCIF on the basis of BW. Corn source derived from distillers dried grains with solubles (DDGS) is estimated to increase FB 1 concentrations by a magnitude of 3 (FDA, 2006) .
Common principles for quantitative risk assessment (Vose, 2008) were used to describe risk as the probability of chronic toxicological adverse effects relative to low-dose exposure to FB 1 in nursery swine diets.
Effects Characterization
The following section describes the chronic toxicological adverse effects associated with FB 1 concentrations relevant to dietary exposure in the nursery production phase. Toxicological data provided in this section serve for formulating 2 LOC for FB 1 , which characterize the reported toxicological adverse effects. Rotter et al. (1996) conducted an 8-wk study in nursery swine (6 wk of age, 9 to 12 kg of BW). Sixteen Yorkshire barrows and 16 Yorkshire gilts were exposed to fungal cultures in their diet after a 6-d acclimation period. Animals were fed a basal grower diet (15.6% CP) formulated to meet NRC (1998) nutrient requirements for swine in mash form containing 50% corn, 25% barley, 18% soybean meal, and 7% additional standard ingredients. Analysis for the presence of FB 1 , deoxynivalenol, and zearalenone due to natural contamination of mycotoxin-susceptible ingredients showed these ingredients were free of detectable mycotoxins. Water and feed were available ad libitum at all times. Diets contained 0.1 to 10 mg of FB 1 /kg of diet. Each sex consisted of the same treatments, control (0 mg of FB 1 /kg feed, n = 4), 0.1 mg of FB 1 /kg feed (n = 4), 1.0 mg/ FB 1 feed (n = 4), and 10 mg/FB 1 feed (n = 4).
Male pigs fed increasing concentrations of dietary FB 1 showed a linear decrease in ADG (P = 0.059). Significant differences in ADG among different diets were observed throughout the experiment, except for wk 2, 3, 7, and 8. Differences in ADG (kg) for males during the 8-wk exposure for 0 mg of FB 1 /kg of diet = 0.88, 0.1 mg of FB 1 /kg of diet = 0.85, 1.0 mg of FB 1 / kg of diet = 0.81, 10 mg of FB 1 /kg of diet = 0.79. Changes in feed consumption were displayed by males during the first 5 wk of exposures to 0.1 mg of FB 1 /kg of diet. Increased feed consumption was observed by 3, 9, 7, and 5% in wk 1 to 4 and reduced by 7% in wk 5, respectively, as compared with control animals. Weeks 6 to 8 displayed 6 to 7% reduction in feed consumption. Investigators reported doses of 1.0 and 10 mg of FB 1 /kg of diet resulted in significant ADG reduction of 8 and 11% in males, respectively, for wk 5 to 8. No statistical difference in feed consumption among varying diets was noted for either sex; however, males fed 10 mg of FB 1 /kg of diet on average ate 10% less than the control animals. This observation may indicate a palatability issue of concern. Feed consumption of female pigs was slightly greater than the control diet until wk 4, but no differences in feed consumption or ADG were observed among diets (Rotter et al., 1996) .
Zomborszky-Kovács et al. (2002) conducted a feeding experiment at doses of 1 to 10 mg of FB 1 /kg of diet with weaned barrows (~10 kg of BW) exposed to FB 1 for 8 wk. Animals were fed a basal diet twice a day according to age, which contained 187 g/kg of CP, 12.8 MJ/kg of ME and 13.1 g/kg of Lys. A 5-d acclimation period was conducted for all treatments before fungal culture was added to diet. Treatments consisted of control (0 mg of FB 1 /kg of feed, n = 4), 1 mg of FB 1 /kg of feed (n = 4), 5 mg/FB 1 of feed (n = 5), and 10 mg/ FB 1 of feed (n = 4).
Body weight gains fluctuated throughout the experiment in a toxin dose-dependent manner, but were not statistically significant at the end of the experiment. Daily feed consumption was also not statistically significant at termination of experiment. There were, however, dose-dependent chronic changes that were irreversible from FB 1 exposure. Dissection revealed slight lung pathological alterations present in all treatment groups. Pathological alterations in all 3 treatment groups displayed connective tissue fibers, primarily of those around the lymphatic vessels, in the subpleural and interlobular connective tissue of the lungs, extending to the peribronchial and peribronchiolar areas. However, these authors did not include a scoring/scale criteria for the descriptions of pulmonary pathological alterations. Pathological changes of the lung were found in 1 of 4 animals for treatments with diets containing 1 mg of FB 1 /kg of feed, 2 of 5 animals for treatments containing 5 mg/FB 1 of feed, and 3 of 4 animals for treatments with 10 mg/FB 1 of feed. Exposures of 5 and 10 mg of FB 1 /kg of diet induced a significant (P < 0.05) dose-dependent increase in lung weights (g) measured at necropsy (control 280 ± 56, dose 5 mg of FB 1 /kg of diet = 294 ± 60, and dose 10 mg of FB 1 /kg of diet = 367 ± 82).
These authors concluded that results from the experiment call attention to the risk of prolonged FB 1 exposure, which has very important public health implications. During the 8-wk dietary exposure to low-dose FB 1 (1 to 10 mg of FB 1 /kg), observations revealed no clinical signs, significant performance impairment, and no death attributable to toxin exposure, but rendered irreversible the chronic changes (i.e., lung adverse effects) that had already developed in the animals in a dose-dependent manner. Establishment of the least observable adverse effects concentration of 1 mg of FB 1 / kg of diet was concluded to be tolerable for efficient swine productivity.
Based on this existing data regarding long-term exposure to FB 1 in nursery swine diets we define, for the purpose of the current QEA, 2 LOC which characterized the reported toxicological adverse effect. The first LOC (LOC1) is 1 mg of FB 1 /kg of diet, resulting in 8% significant decrease of ADG when compared with control (Rotter et al., 1996) . The second LOC (LOC2) of 5 mg of FB 1 /kg of diet demonstrates pulmonary pathological alterations and significant enlargement of the lung in a dose-dependent increase of weight (Zomborszky-Kovács et al., 2002).
Exposure Characterization and Model Parameterization
The subsequent sections detail information necessary to forecast FB 1 exposure and the model parameterization needed to determine risk consistent with the conceptual model (Figure 1 ). Stochastic parameters consist of specific day in nursery phase, Bt use fraction, DDGS use fraction, fumonisin B 1 concentration in Bt grain, and fumonisin B 1 concentration in non-Bt grain.
Swine Management. We have modeled a typical phase feeding program for swine nurseries consisting of segregated early-weaned, transition, phase 2, and phase 3 (DeRouchey et al., 2007) . To estimate the dietary concentrations of FB 1 in diet, it was necessary to consider the individual diet development within each phase of the feeding program. Information required for diet development included the following: average duration in nursery, changes in BW over time, ADFI, and total corn intake fraction (TCIF).
Diet Design. The diet design used in the model is typical (corn-soybean diet) for swine facilities in the midwestern United States, as reflected in published guidelines (DeRouchey et al., 2007) . Usually, DDGS is used in the late nursery diets. However, for the purpose of this exposure assessment we assume the same DDGS content in all diets. The following sections discuss the required information for diet development pertaining to swine management.
Specific Day in Nursery Phase. Duration for the nursery phase was based on a population facility size (small: <2,000, medium: 2,000 to 5,000, large: >5,000) as reported by the USDA, Animal and Plant Health Inspection Service (APHIS), which conducted random interviews of swine producers (USDA, 2006) . These data provide an average estimate of duration within the nursery of 45.5 d (~7 wk). On this basis, the midpoint of 22 d was used as the deterministic value to estimate average BW for nursery swine. For the partially stochastic analysis, the total time of duration in the nursery (7 wk) was uniformly sampled by day for d 1 through 49, with each sampling occasion allowing for an estimation of pig BW based on the specific day in the nursery (Table 2 ). For each specific day sampled, there is a correlated BW and estimated TCIF in accordance with the Kansas State Growth and Feed Intake Curve Calculator (FICC; see BW and TCIF below).
BW. The FICC was used to determine variation in BW as a function of the specific day during the nursery phase production (R. D. Goodband, Kansas State University, Manhattan, personal communication). Parameterization inputs for the FICC included initial and eventual finisher close out average BW of 5.67 and 120.20 kg, respectively; ADG of 0.39 kg; and the transfer BW from nursery to finishing of 22.68 kg. Body weights generated from the FICC over time were calculated at the endpoints of 7 discrete weekly intervals. Average BW was developed from initial and endpoint FICC nursery BW to represent weekly intervals in the model (Table  2) . Body weight information from the FICC generates ADFI and is used indirectly in our model to determine the percentage of corn in the diet.
TCIF. The increasing daily feed intake pertaining to percentage of corn in nursery diets was based on the 4-phase feeding program (DeRouchey et al., 2007) and the FICC. Four-phase feeding programs based on the Kansas State University swine nutritional guide are currently being adopted (Groesbeck et al., 2008) . Estimation of the TCIF in diet is based on the BW intervals associated within the 4-phase feeding program (Table  3) . Averages determined from maximum and minimum percentage corn data were used for segregated earlyweaned and transition diets for the purposes of this analysis; recommended values were used for phase 2 and phase 3 diets.
Agronomic Management
Bt vs. Non-Bt Corn Fraction in Diet. To assess the fraction of Bt and non-Bt corn in swine diets, the number of hectares planted using Bt and nonBt seed corn was used to estimate corn composition. The USDA, National Agricultural Statistics Service (NASS) estimated in 2008 that 16% of corn planted in the state of Iowa was insect-resistant (Bt) and 53% of all corn planted in Iowa was stacked gene varieties (Bt plus herbicide resistance; USDA, 2008). Therefore, in our deterministic model we assume that the TCIF Fumonisin B 1 quantitative exposure assessment in swine diets has a maximum Bt use fraction (BUF) representing 69% of Iowa corn planted, whereas the stochastic analysis distribution was developed from hectares planted in the major corn production states of the United States (Table 4 ; USDA, 2008). For stochastic analysis, Bt-corn adoption fractions were described by the β generalized distribution because this distribution can represent skewed data (Flynn, 2004) . The generalized β distribution has the form
where x is the fraction of insect-resistant Bt only plus stacked gene varieties, a and b are location parameters (minimum and maximum, respectively) derived from the literature representing the range in Bt-corn fractions, and p and q represent shape parameters (Wang, 2005) , which were estimated using minimum (a, 0.47), maximum (b, 0.69), mode (c, 0.49), mean (µ, 0.57), p (1.02), and q (1.23) and as described in the following equations (Table 4) : and
The β subjective function in @Risk software was used for the development of the β generalized distribution.
DDGS Fraction in Diet.
Deterministic modeling used a typical DDGS value reported for nursery swine feeding (i.e., 25% of total diet), and for stochastic analysis a β subjective distribution was generated from the published literature (Shurson et al., 2002; Thaler, 2002; Whitney and Shurson, 2004) . Location parameters determined from the literature were 0.05 and 0.25 for minimum and maximum, respectively. Shape parameters are calculated (Eq. Fumonisin B 1 Concentrations in Bt-hybrids, Non-Bt Hybrids, and DDGS. Published data (supplemental information is available on request from author) describing FB 1 concentrations in paired trials of Bt and non-Bt hybrids were used for estimates of FB 1 in diets, which were expressed as cumulative distribution functions (CDF) describing the empirical data (Figure 2 ; Munkvold et al., 1997; Munkvold and Hellmich, 2000; Dowd, 2001; Bakan et al., 2002; Magg et al., 2002; Clements et al., 2003; Hammond et al., 2004; Tatli et al., 2004; de la Campa et al., 2005; Papst et al., 2005; Catangui and Berg, 2006) . For studies reporting total FB (FB 1 + FB 2 + FB 3 ) in corn, a conversion factor of 1.4142 (R 2 = 0.99) was used, developed from the data of Munkvold and Hellmich (2000) . Data for total FB were divided by the conversion factor to represent FB 1 on the basis of this relationship. For the deterministic analysis, the arithmetic mean concentrations for Bt-corn (2.05 mg of FB 1 /kg of corn) and non-Bt corn (4.15 mg of FB 1 /kg corn) were used. For the stochastic analysis, the entire CDF was sampled (Figure 2) . Estimates of FB 1 concentration in dried DDGS used a 3-fold scaling for deterministic and stochastic analysis as a typically reported value (Wu and Munkvold, 2008) .
RESULTS
Existing data were used to forecast long-term FB 1 exposures in feeding scenarios that may occur in the swine industry. Risk findings were expressed as the probability for exposures to exceed the LOC1 or LOC2 for long-term effects (1 and 5 mg of FB 1 /kg of diet, respectively).
Deterministic Results
All diet scenarios predicted some FB 1 exposure exceedance at or above LOC1 (1 mg of FB 1 /kg of diet). However, concentrations exceeding the LOC2 (5 mg of FB 1 /kg of diet) were not demonstrated (Table 5) . Diet scenarios where the source of grain or DDGS is derived from non-Bt corn (scenarios 3 and 6) pose the greatest probability for exceeding the LOC. Scenarios including only Bt grain (scenario 5) without DDGS exhibited the least mycotoxin exposure. The blended diet design (scenario 1) containing Bt and non-Bt grain and DDGS was ranked intermediate relative to other diet scenarios.
Stochastic Results
Fumonisin B 1 exposures exceeding the LOC1 (1 mg of FB 1 /kg of diet) were observed in all diet scenarios (Figure 3) . Variation of FB 1 exposure among scenarios and worst-case incidences representing the 90th percentile of exposure (Table 5) showed the least risk when the diets were developed with Bt grain only (scenario 5). For scenario 5 the LOC1 was exceeded in 40% of occasions, whereas diets composed of the blended regimen (scenario 1) and non-Bt and non-Bt DDGS (scenario 3)
showed the greatest LOC1 exceedance in 95% of cases. The percentile exceedance of LOC1 (1 mg of FB 1 /kg of diet) forecast were scenario 1: blended diet, 95% of occasions; scenario 2: Bt-grain and Bt DDGS, 60% of occasions; scenario 3: non-Bt and non-Bt DDGS, 95% of occasions; scenario 4: Bt-grain and non-Bt grain, 80% of occasions; scenario 5: Bt grain, 40% of occasions; and scenario 6: non-Bt grain, 85% of occasions.
Diets containing Bt grain (scenario 5) and a blend of Bt and Bt-DDGS (scenario 2) demonstrated potential to decrease FB 1 exposure and, therefore, risk when compared with scenarios containing non-Bt grain and non-Bt DDGS. The mean and median FB 1 exposure estimates were similar, indicative of a normal distribution for the estimated exposures. None of the scenarios investigated demonstrated exposure at or above the LOC2 (5 mg of FB 1 /kg of diet) for worst-case outcomes.
Deterministic vs. Stochastic Results
The means of stochastic results were less for scenarios 2, 3, 5, and 6 when compared with the deterministic results ( Table 5 ). The variation relative to FB 1 exposure demonstrates that under the modeling and input parameterization used, most deterministic modeling produced conservative FB 1 exposure estimates relative to the more realistic stochastic estimates. However, the stochastic mean for scenario 1 (blended diet) was approximately 9.7% greater when compared with the deterministic value. Scenario 4 (Bt and non-Bt grain) produced relatively equal mean and deterministic values. Because of variation in input distributions, stochastic results demonstrate that for all scenarios (except scenario 5), exposures above the LOC1 are possible when mean exposure for given population of nursery swine is at or below 1 mg of FB 1 /kg of diet.
DISCUSSION
Stochastic results predicted long-term FB 1 exposures of 1 to 4 mg of FB 1 /kg of diet from corn and corn products (i.e., DDGS) in diets of nursery swine. This information may have an influence on diet design and provide background support for chronic low-dose nursery swine toxicological studies. The blended diet (scenario 1) may represent the industry as a whole in the midwestern United States based on acceptance of genetically engineered corn (Piva et al., 2001; Weber and Richert, 2001; USDA, 2008; Stein et al., 2009 ) and the increased use of DDGS in swine diets (Whitney and Shurson, 2004) . However, the purchasing practices of individual producers would more likely exhibit only 1 type of corn and 1 type of DDGS for most diets. Under blended feeding conditions swine populations in nursery facilities are predicted to exhibit a greater frequency of possible BW reductions characteristic of FB 1 toxicity (i.e., adverse effects associated with LOC1). However, effects representative of PPE are not likely to occur under the given exposures predicted here because the LOC2 was not exceeded.
Swine management to reduce FB 1 in the diet will limit recurrence of large-scale epidemiologic events similar to those recorded in the corn harvest of the United States during 1989 to 1990 when fumonisin-contaminated corn was responsible for respiratory diseases (i.e., PPE) and prenatal/neonatal mortality (Ross et al., 1990; Bane et al., 1992) . Management practices relative to fumonisin prevention/reduction strategies in feed include the transfer or sale of contaminated corn exceeding the FDA guidance concentrations (>10 mg/kg, total fumonisin in ration; FDA, 2001) to less sensitive animals (i.e., bovine), mixing FB-contaminated feed with noncontaminated feed to reduce concentration exposures, proper feed storage conditions, insect control, and the use of adsorbents (i.e., inorganic and organic sequestering agents or binders; Jouany, 2007) .
Since the adoption and release of Bt-corn, its average use in the midwestern United States has increased from 17% of all corn planted in 2000 to 57% in 2008 57% in (USDA, 2008 . As shown by the present analysis, the introduction of Bt-corn in diets has reduced the exposure of FB 1 , limiting exposures below LOC2 (5 mg of FB 1 /kg of diet) for nursery swine. The oral bioavailability of FB 1 in swine is small (~3 to 6%); however, once absorbed the mycotoxin undergoes wide systemic distribution and the absorbed half-life is comparatively long due to enterohepatic recirculation. Swine exposed to chronic diets containing FB 1 may experience accumulation of mycotoxins in the liver and to a lesser extent the kidney (Prelusky et al., 1994 . Due to the range of effects that exist and the possibility for systemic recirculation, there remains the likelihood that swine health and productivity may be affected by chronic small dosages of FB 1 exposures to a greater extent than predicted here. This is especially true in consideration that small exposure to FB will occur from in utero to finishing. Bioaccumulation of FB 1 in nursery swine is not reflected in the source data for the present analysis.
Deterministic vs. Stochastic Methodologies
Preference for the use of deterministic or stochastic modeling methodologies is driven by the nature of the concern (e.g., FB 1 small-dosage effects) and data availability. Deterministic methodologies serve as a conservative first-step approach in assessing potential risk. In our investigation the deterministic data synthesis demonstrated FB 1 exposure potential commonly occurred at or above the LOC1 (1 mg of FB 1 /kg of diet) for long-term feeding. Several drawbacks are associated with deterministic methods. For example, in our investigation single-point parameter estimates (e.g., averages, midpoints, or fixed values) were used in modeling to describe exposure, which are at times uncertain and may not be representative of true exposures (Cullen and Frey, 1999) . Stochastic approaches used representative input distributions to provide a more realistic assessment of exposure (Finley and Paustenbach, 1994; Thompson and Graham, 1996) , so that the probable exceedance of LOC for a given nursery population (cohort) could be determined.
Probabilistic Sensitivity Analysis
Sensitivity analysis identifies the input distributions, which most strongly determine output(s), and therefore serves to identify model uncertainties. Multivariate stepwise regression was performed for each feeding interval and scenario. Ranking of sensitivity did not vary among forecasted scenarios and in each instance the concentration of FB 1 associated with non-Bt corn and Bt-corn are the most sensitive inputs to the model. The correlation of FB 1 concentration arising from use of non-Bt corn on exposure estimates is substantially greater than that for Bt-corn (regression coefficients ≥0.95 and ≤0.30, respectively). For scenarios (5 and 6) containing a single corn source, the associated FB 1 concentrations are the main input influencing exposure.
Uncertainties in Assessment
There are multiple strategies and methodologies to conduct a QEA, each varying in the assumptions and data used. The data used in developing the FB 1 distributions were dominantly (92%) from the midwestern United States, and although some data were from other regions, their inclusion did not alter the observed distribution in FB 1 . Environmental conditions (Maiorano et al., 2009 ) and storage practices influencing FB 1 biosynthesis were not included in our modeling and may be a modifying factor for the actual exposure, which might occur in a given production facility.
Information relating to FB 1 concentration in DDGS is limited. Using the concentration factor of 3-fold for DDGS may over-or underestimate mycotoxin exposures when DDGS is used as a corn component. Cur-rently researchers are investigating the mycotoxin concentrations from ethanol production facilities (Wu and Munkvold, 2008) , which will improve the ability to predict FB 1 exposure from DDGS in swine diets. The assumption that DDGS was used in all nursery phases of the modeling vs. the later phase of nursery production may overestimate FB 1 in scenarios where DDGS is present.
In nature there are interactions among mycotoxins (e.g., aflatoxin, deoxynivalenol, and T-2 toxin), and their occurrence in grain may affect feed quality in swine production facilities. The toxicological interaction of mycotoxins may be antagonistic, additive, or synergistic depending on the particular mycotoxins considered (Harvey et al., 1995; Dilkin et al., 2003) and were not assessed in our modeling. Creating an aggregated QEA addressing mycotoxin interaction in feed may be relevant to improve the prediction of swine productivity efficiency.
Implications for Further Research
To the best of our knowledge, this investigation is the first report using QEA to evaluate nursery swine exposed to low-dose FB 1 in diets. This exposure assessment predicts that there is a large probability that low-level adverse effects (i.e., LOC1) are commonplace. This might have broader ramifications regarding FB 1 management because the current assessment did not investigate the entire production phase (i.e., utero-tofinish). Fumonisin low-dose studies have reported adverse effects in various target organs (i.e., liver; Colvin et al., 1993) as well as reproductive effects (Zomborszky-Kovács et al., 2000) . It is important to note that the current assessment evaluated nursery swine studies exposed to FB 1 in diets. However, in nature the biosynthesis of FB from Fusarium fungi species produces a series of FB toxins (i.e., FB 1 , FB 2 , and FB 3 , ranking in decreasing toxicity, respectively); therefore, our estimates of toxicological adverse effects underestimate the total toxicological burden for FB that may occur in swine diets.
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